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Abstract:

This paper presents experimental scalings of the electrons and positrons produced by
intense laser-target interactions at relativistic laser intensities (10" — 10* Wcm™). The
data were acquired from three short-pulse laser facilities with laser energies ranging from
80 — 1500 J. We found a non-linear (= E,*) scaling of positron yield' and a linear scaling
of electron yield with the laser energy. These scalings are explained by theoretical and
numerical analyses. Positron acceleration by the target sheath field is confirmed by the
positron energy spectrum, which has a pronounced peak at energies near the sheath
potential, as determined by the observed maximum energies of accelerated protons. The

parameters of laser-produced electron-positron jets are summarized together with the



theoretical energy scaling. The measured energy-squared scaling of relativistic electron-
positron jets indicates the possibility to create an astrophysically relevant experimental
platform with such jets using multi-kilojoule high intensity lasers currently under

construction.

PACS numbers: 52.38.-r; 52.38 Ph; 52.59 -f

I. INTRODUCTION

It has been suggested® that laboratory experiments may one day help to understand
the physics of relativistic shocks in extreme astrophysical environments, such as Gamma
Ray Bursts (GRBs), Active Galactic Nuclei (AGN), Black Holes and Pulsar Wind
Nebulae (PWN).>"" This perspective has motivated worldwide efforts to generate high-
flux and high-energy electron-positron “pair” jets, aiming to replicate the physics of

GRBs in the laboratory '. To date such efforts remain incomplete.

In the non-relativistic regime, positrons and positron plasmas from radioactive

isotopes or accelerators are studied extensively in areas related to basic antimatter science,
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such as antihydrogen experiments =~ and Bose-Einstein condensation of positronium.
In the relativistic regime, making an astrophysically relevant pair plasma jet is
challenging due to the difficulties associated with achieving the required densities and
relativistic energies within the short lifetime of a positron. However, rapid progress has
been made over the past few years in using intense short laser pulses to drive mm-thick
high-Z (gold) targets and produce large numbers of positrons.' Since the first experiment

in 1999,'° the positron yield per laser pulse has increased by several orders of magnitude.

It was found that laser-produced positrons have several characteristics that may prove



essential for developing an astrophysically relevant platform. The first is that intense
lasers can make a very large number of positrons (10" to 10'* per shot) in a short time (1
— 100 ps). This feature, in combination with the small volume (~mm’) these positrons
occupy “at birth”, implies a high positron density, at least for a short time. The second
characteristic is that the electrons escaping from the high-Z target produce an electric
field, aligned with the target surface normal, which accelerates the positrons leaving the
target to a few tens of MeV. This means that a dense burst of positrons can be born and
accelerated to relativistic velocities in an integrated process. The third characteristic is
that the MeV electrons and positrons produced from the laser-target interaction form
overlapping jets behind the target, allowing much higher pair density to be achieved than

would be possible if the particle velocities were distributed isotropically.

So far, positron densities of 10'> - 10"* cm™ at the source have been achieved."” For
interacting electron-positron jets to initiate the astrophysically interesting electromagnetic
instabilities, the electron-positron density needs to be 10" - 10'® cm™,' 2-4 orders of
magnitude more than that demonstrated to date. To increase the pair density, one can
either (1) increase the number of particles, or (2) reduce the volume of the particles, or
both. The laser spot diameter sets a fundamental limit on the intrinsic volume where the
pairs are generated. An additional constraint is posed by the finite target thickness (~1
mm) required to efficiently produce positrons via the Bethe-Heitler process. The density
of the interacting pair jet can be increased through collimation or confinement of the pairs
using external magnetic fields.'"™" However, for relativistic pairs the required field

strength is quite high, a few hundreds of Tesla, making the configuration challenging.



Therefore, it is essential to increase the pair yield to be able to observe instability growth

in the interaction of these short duration laser-produced pair jets.

To increase the pair yield, it is important to understand the electron scaling with
laser parameters. This is due to the indirect nature of pair production with intense lasers
through the Bethe-Heitler (B-H) process.”® The laser first accelerates electrons to
relativistic energies through a laser-plasma interaction, which takes place either in the
underdense plasma on the front side of the solid target, or at the overdense surface of a
solid target. (The laser wake-field electron acceleration approach for positron production
has been addressed elsewhere®' and is outside the scope of this paper). The scattering of
these relativistic electrons with a high density, high atomic number target produces high-
energy (MeV) photons via bremsstrahlung (so called y-rays), which decay and produce

pairs in the field of the target nuclei via the B-H process.

This paper reports extensive experimental results for electrons and positrons
obtained at three different laser facilities. These data establish the scaling of electrons
and positrons as a function of laser energy for a large range of laser parameters (70 —
1500 J, 1-10 ps and 10" — 10* Wem™). The data reveals much of the physics behind the
scaling of pair yield, positron acceleration, and angular divergence. The observed yield
scaling indicates that with ~10 kJ of laser energy, one might be able to produce

astrophysically relevant pair jets in the laboratory.

The paper is organized as follows. Section II describes the laser parameters,
experimental setup and diagnostics. Section III discusses the electron scaling as function
of laser energy/intensity. Section IV presents the scaling of positron number, acceleration

and angular divergences. Section V summarizes the parameters of the pair jets relative to



the requirement for laboratory astrophysics studies. Section VI concludes the paper with

a brief discussion for future development.

Il. Experimental setup

The experiments were performed over ~5 years on 3 facilities: the Titan laser” at
Lawrence Livermore National Laboratory, the Omega-EP laser” of the Laboratory for
Laser Energetics at the University of Rochester, and the Orion laser** at AWE in the UK.
The experimental conditions were controlled as close as possible to compare the results
from each facility. For this study, data from 54 target shots (23 from Omega EP, 7 from
Orion, and the 24 from Titan) are presented and compared in terms of the laser, target,

and diagnostic parameters.

All three lasers have a wavelength of 1.054 um and an off-axis-parabola (f/2 or f/3)
as the final focusing optic. The data presented were obtained with the best laser-contrast
available, without using an auxiliary laser pulse to create a pre-formed plasma in front of

the target. The laser parameters are listed in Table 1.

Table 1: Laser parameters used in the experiments for this paper.

Pulse Length | Focal Spot | Energy Laser Intensity | Contrast

(ps) (um) 8 (Wem?) enetty
Titan 0.7 8-15 50-150 ~10" - 10% >10°

10 8-15 100 -350 | ~10"-10" >10°
Omega EP | 10 25-50 100 - 1500 | ~10"™ - 10" >10’
Orion 0.7 ~15 100 -500 | ~10" - 10 >10°




A typical experimental setup is shown in Fig. 1. All targets were identical gold discs 1
mm thick and 2 mm in diameter. Laser incidence on the target was at an angle (relative to
the target normal) of 0, 15, and 18 degrees for Omega EP, Orion, and Titan, respectively.
The small variation in laser incident angle was found to have a negligible effect on the

laser-electron conversion.
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Figure 1: Illustration of experimental setup at Titan. A similar setup was used on the Omega EP and Orion

experiments, but with slightly different laser incidence angles and diagnostic locations.

The primary diagnostics included several Electron-Positron-Proton Spectrometers
(EPPS)” and a step wedge filter pack.”® The step wedge filter packs used on Omega EP
measured the high-energy bremsstrahlung photons between 0.1 and 1 MeV, from which

the relative high-energy photon yield was derived.

Up to three EPPS were used on the Titan experiments at various angles (see Fig.
1) while two were used on the Omega EP (one normal, and another parallel to the rear
surface of the target). Only one EPPS (along the laser’s propagation direction) was used

at Orion, due to space limitations. With the EPPS diagnostics, the energy spectra of



electrons, positrons, and protons were simultaneously measured for each shot. In these
experiments the solid angle (entrance aperture and location) of the spectrometer was
optimized to obtain good positron signals, which are lower than the electron and proton
signals. Consequently, the proton signal was often saturated at the peak of the distribution,
but the maximum proton energy was recorded on most shots. Sample raw data images
from EPPS are shown in Fig. 2 (top), where the signals from the respective sources are
marked. The glow outside the signal strip was from the hard x-ray background, which
was subtracted to obtain the reported signals.” For a number of shots (in Titan and Orion

experiments) the electron data were not available due to operational errors.

Samples of absolutely calibrated electron and positron spectra measured for three
Omega EP shots are shown in Fig. 2 (bottom). The laser energies were 250 J, 800 J and
1500 J, with similar laser focal spots and 10 ps pulse durations. From the EPPS spectra,
one can obtain (A) escaped hot electron temperature, (B) the total number and energy of
escaped electrons and positrons, (C) the positron acceleration and (D) the maximum
proton energy (not shown). While it is straightforward to obtain (C) and (D) from the

measured spectra, additional considerations are needed to determine (A) and (B).
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Figure 2 (a): The raw images from EPPS for positive particles (protons and positrons) and electrons for
laser energy at 800 J; (b): Three pairs of electron and positron energy spectra for laser energy of 247 J,

800 J and 1500 J from the EPPS measurements.

(A) The hot electron temperatures were obtained by fitting the electron spectra
with an exponential function ~¢™™, where E is the electron kinetic energy, and T, is the
“hot electron temperature”. As MeV electrons are important to positron production, we
analyzed their spectra from 5 MeV to the maximum detected electron energy. Below 5
MeV, the electron data are strongly influenced by the ~MV/um-scale electric field
present at the vacuum-target interface, >’ and it is often difficult to describe the measured

spectrum with T, (see Appendix-1). At energies >5 MeV, the measured escaping



electrons reflect the distribution of laser-accelerated electrons with reasonable accuracy
according to the simulations done with the hybrid particle-in-cell (PIC) code LSP.”
Independent 2D PIC simulations using code PSC * arrived the same conclusion. The
result of PSC simulation is illustrated in Fig. 3: while there are significant differences in
electron distributions between the source and escaping electrons at electron energies less
than ~5 MeV, the slope of the distributions (T,.) at higher electron energies are very

similar for both.

T, is useful not only as an input parameter for the analytical and Monte-Carlo

calculations of positron production (see Section IV), but also to understand the dominant

laser-plasma interaction mechanism.*”
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Figure 3: 2D PSC PIC simulation results of the electron distribution from laser-plasma interaction (red)
comparing to the escaping electron distribution (green). The dashed lines are exponential fits of the source

distribution using temperatures of 350 keV and 4.5 MeV .



(B) To calculate the total number of electrons and positrons, one needs to take
into account angular information, since strongly anisotropic distributions were observed
for both species."™'” While the angular distributions from Titan and Omega EP were
measured,' the angular profile on Orion was extrapolated from the Titan and Omega EP

data as having a full width at half-maximum of less than 30 degrees.

The uncertainty in the measured positron yield comes from several aspects of the
measurements (angular distribution ~20%, spectrometer calibration ~20%, image plate
read-out ~15%), bringing the total error to about 30% for each data point. For the laser
intensities associated with each data point, the total uncertainty (30%-50%) comes from
the uncertainties from laser energy measurement (~5%-10%), laser pulse length (~10%-
20%), and focal spot size measurements (20%-40%). As will be seen later, there is
appreciable scatter of the data, which is most likely due to differences in preformed
plasma profiles resulting from shot-to-shot variation of the energy in the intrinsic laser
prepulse [see Appendix-2]. Previous work’ has shown that variations in pre-plasma
scale-length can affect the fraction of absorbed laser energy and the resulting hot electron

production.

Ill. Electron production

The data shows the escaped electron temperature a function of laser energy in Fig. 4 and
laser intensity in Fig. 5. For each data point, the intensity is calculated using the measured
laser energy, the laser focal area containing 68% of the energy and the full-width-at-half-
maximum laser pulse length for each shot. For some shots, it was not possible to fit the

distribution with a single slope (see Appendix-1). An alternate description is given by the

10



total number and energy of the electrons obtained by integrated over the distribution.
Their dependence on the laser energy and the intensity are also relatively weak.

The energy distribution of the electrons is sensitive to the temporal and spatial

profiles of the laser pulse,’'””

as well as the scale-length of the preformed plasma,
electron-ion energy transfer and electron transport. For the same laser/target
configuration, the most important parameter affecting the electron distribution is the
plasma scale-length at the front surface of the target. It is well-known that different
electron acceleration mechanisms operate in different regions of the plasma.” Near the
critical density (defined as the density above which the laser does not propagate)

acceleration occurs predominantly through the JxB mechanism, leading to the so-called

ponderomotive scaling® of 7, as a function of the local laser intensity, I (in Wem™):

T z0,511x(\/1+112 /1.4%x10" —1) (MeV), where A is the laser wavelength in um. In

the under-dense region of the plasma, primarily produced via ablation from the laser pre-

pulse, electron acceleration occurs due to stochastic processes’ and 7, is given by™

Tezl.Sx(\/lﬂ/ 1018) (MeV) - referred to as Pukhov scaling hereafter. These two

mechanisms represent the limiting cases of the laser-plasma interaction conditions
present in our experiments. The latter is responsible for the generation of the most
energetic electrons and therefore is expected to play a dominant role in pair production.
Recent simulations for similar laser and plasma conditions confirm that indeed the most

energetic electrons originate in the underdense plasma region.”

A comparison to the experimental electron temperature results is shown in Fig. 5.

Because of the dearth of electron temperature data at high laser intensity, we used a few

11



shots obtained from Omega EP on different sized gold targets at higher intensities. Using
these data is reasonable in Fig. 5 because the electron temperature has, at most, a very
weak dependence on the target size (see Appendix-3). Fig. 5 shows that the Pukhov
scaling appears to fit the data better, supporting the hypothesis that acceleration in the

under-dense plasma is dominant in our experiments.

20
= 157
<
e
=
o
o) 10
o
g £
e o
© 5
2
L
0*

‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘
0 500 1000 1500 2000
Laser energy (J)

Figure 4: Hot electron temperatures at various laser energies inferred from Omega EP data taken with a

laser pulse of 10 ps.
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Figure 5: Hot electron temperature data (open circles) measured for the standard targets as a function of
laser intensity. Data from higher intensities are shown for smaller target (filled circle) and thinner targets
(squares). Also shown are the hot electron temperatures from the ponderomotive scaling (dotted line) and

Pukhov scaling (solid line).

The electron energy distribution (described here with T,) is the critical input into a
set of particle transport calculations of the bremsstrahlung generation and pair production
by the Bethe-Heitler process (see Sec. IV). In this set of calculations, electrons, positrons,
and photons that leave the target are counted using specific “diagnostics” defined by the
actual experimental instrument’s line-of-sight, energy range, and solid angle, such that

results can be directly compared with the experimental data.

For example, the calculated high-energy (0.1 — 1 MeV) bremsstrahlung yield is
compared to that measured at Omega EP in Fig. 6: the increase in the photon yield with
increasing laser intensity is well described by an analytic calculation (see Sec. IV) using

the measured electron distribution. An absolute comparison of the bremsstrahlung yield

13



was not available because the spatial distribution of the radiation was not measured in the
experiment. It should be noted that, although most pair production happens at photon
energies > 1 MeV, our diagnostic is sensitive to 0.1 — 1 MeV photons.” A comparison of
theory and experiment in this energy range is useful to understand the intermediate step

(electrons to photons) in the pair production and to confirm the yield calculations.
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Figure 6: Relative bremsstrahlung energy per kJ laser energy as a function of laser intensity.

The total number of electrons can be deduced from the measured spectra and the
angular distribution. The electron yield increases approximately linearly for data from
laser energy higher than 500 J (Fig. 7). At lower laser energies, the data had too much
scatters to provide a unique fit. The linear fit gives: N_ = 2.3(20.5)x10° E, . This result is
in stark contrast with the scaling obtained for positrons,' which will be discussed in the

next section.
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Figure 7: The total electron number as a function of laser energy (squares and circles with error bars) and

the fit to the data (dashed line).

IV. Positron production

The positron data from the EPPS can be characterized in terms of the total yield, energy
of the spectral peak and angular divergence. The scaling of these observables with laser

parameters is presented below.
A Positron yield — experimental results

Figure 8 shows the positron yield as a function of the laser energy obtained from the three
facilities. Assuming constant laser-electron conversion efficiency,* one might expect a
linear dependence of the positron yield vs laser energy. However the data show that the
dependence is better fitted with a near quadratic function.' The positron data points in
Figure 8 fall into two groups. The upper group is from shots with ~1 ps laser pulses at
Titan (orange triangles) and Orion (green upside down triangles). The lower group is
obtained with 10 ps laser pulses on Titan (blue triangles) and Omega EP (red circles).
The lines show the best fits to the data in each group. As a function of laser energy E; (in

J) the fits give: N, ~ 4(#9)x10° E, ®***¥ and N, ~ 2(x3)x10° E_ ***?for 1 and 10 ps,

15



respectively. Both data groups show a non-linear, approximately quadratic dependence of

the positron yield on the incident laser energy.
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Figure 8: Positron number/sr as a function of laser energy from shots with 1 ps laser pulse: Titan (orange
triangles) and Orion (green upside down triangles); and the data obtained with 10 ps laser pulse: Titan
(blue triangles) and Omega EP (red dots) [data from Ref. 1].

The normalized positron yield per kJ laser energy as a function of laser intensity' is

shown in Fig. 9. The normalized positron yield increases with laser intensity as N_,/kJ ~

[(:220.0
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Figure 9: Positron yield per kJ laser energy as a function of laser intensity. Data include that from
Titan (blue and open orange triangles), Orion (green upside down triangles); and Omega EP (red dots)

[Data from Ref. 1].

B Positron yield — Analytical calculations and simulations

To understand the scaling of the positrons, three computational approaches are
applied: (I) analytical method, (II) GEANT4 Monte-Carlo simulation, and (IIT) LSP PIC
simulations. For all three techniques, the normalized positron yield is calculated for direct
comparison with the measurement. For the electron source, the first two methods
assumed a Boltzmann distribution at T,, which is related to the laser intensity through
either ponderomotive or Pukhov scaling as described in Sec. III. In the LSP simulation,
the electron source was self-generated by simulating the laser-plasma interaction. Since
the first two methods start with the electron energy distribution, the laser-electron
conversion efficiency has to be estimated. This was calculated by method (IIT) to be
about 40%, and the same value was used for the analytic method and GEANT4. Another

distinction between the methods is the ability to include electron refluxing; method (1)

17



used a simple factor; in method (III) LSP calculated it self-consistently, while it was not
included in the GEANT4 (Method II). Below, we describe each method in more detail
and compare the their predictions to the experimental data.

(I) The analytical calculations used the formula from Myatt, et al.”” Briefly, the

positron yield is ¥, = f :dey(k)ay_)e+e_(k)dk<pL>Q— where variable k is the photon

energy; O is the Bethe-Heitler cross-section® for pair production; <pL> is the

y—ere- Q
angle-averaged effective areal density for x-rays in the target; N/(k) is the y-ray
distribution created by the laser-produced relativistic electrons. The bremsstrahlung
spectrum is given by:
Ny (k)dk = 0N, [ dT.fo(T.) [ ds'nioy [E (Eq,s"), kldk,

where fy(T,, E,) is the (kinetic) energy spectrum of electrons created in the laser-target
interaction that enter the solid target (of total number N,) with temperature 7, (given by
ponderomotive or Puhkov’s scaling), s’ is a path-length variable for electrons of initial
(final) energy E, (s'=0), such that their energy at s=s’ [E(E,, s")] is calculated with the
stopping power including the radiation loss, n; is the ion density, o, is the relativistic
radiation cross-section of bremsstrahlung,” and 7 is the “refluxing” parameter (0<n<1),
where 1=1 indicates the perfect refluxing until electrons lose energy and stop. The
numerical integration of s’ is done until the electron reaches s where it stops, E(s)=0. The
calculated positron yield per kJ laser energy as a function of T,, shown in Fig. 10,
assumes 100% refluxing (7=1). Although 100% refluxing is not possible, it is a
reasonable approximation because only 0.1-1% of electrons are measured to escape the

target 2
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Figure 10: The semi-analytically calculated positron yield as a function of hot-electron temperature for

gold targets of thickness ranging from 10 um to 1 mm.

(II) Using the particle transport code GEANT4, the pair production in a solid Au
target was modeled in 3D. The laser-plasma interaction at the front surface of the target
was not included. A total of 3x10” randomly seeded electrons were initialized as a
collimated, single-component Boltzmann distribution T, in a uniform spot size with a
radius of 10 microns. The actual target (gold disc of 2 mm diameter, ] mm thick) was
used in the model. The simulation box was 0.1 mm larger than the target
dimensions. Electrons and positrons were subject to energy loss from bremsstrahlung,
Coulomb scattering, and ionization events; positrons also annihilated with atomic
electrons but no electromagnetic field effects are included. Photons above 1.5 keV were
tracked and subject to photoelectric absorption, Compton scattering, and Bethe-Heitler
pair production. Atomic relaxation due to fluorescence, Auger emission, and particle-
induced x-ray emission were included in the simulation. Positrons born inside the target

were recorded, and electrons, positrons, and photons escaping the target were counted at

19



the exterior of the simulation box. Positrons within a 1 sr solid angle of the back target
surface normal were recorded.

The results from GEANT4 simulations as a function of T, are shown in Fig. 11.
Although the total number of positrons produced in the target as given by the GEANT4
and analytic calculation agree well at lower temperature (<5 MeV), the discrepancy
increases at higher temperatures due to the difference in their treatment of electron

refluxing, as will be discussed further in the following sections.
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Figure 11: Three sets of Geant4 results of positron yield as a function of hot-electron temperature: the total
number of positrons produced in the target (crosses); the total number of positrons emerging from the
target (triangles); and the total number of positrons within 1 sr (diamonds). Also shown is the total

positron production calculated using the analytical method (circles) as in Fig. 10.

The effect of transport through the target was quantified by taking the ratio
between the total number of positrons produced inside the target, and the number that

emerged from the target, This ratio provides an estimate of the total number of

20



observable positrons from the analytical calculation. Fig. 12 compares, as a function of T,,
the total number of positrons produced and emerging from the target given by GEANT4
and the analytic method. While these two methods give very similar positron yields at
low electron temperatures, they deviate from each other by up to factor of 4 with
increasing T,. Based on the Partcle-in-Cell simulations discussed in the next section, we
believe that this is due to electron recirculation, which is not included in the GEANT4

simulation.
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Figure 12: Positron yield per kJ of electrons, as a function of electron temperature. Inset: ratio between the
total number of positrons produced inside the target (solid line) and the number emerging from the target
(dotted line) calculated with GEANT4. This ratio is used to infer the total number positrons outside the

target (triangles) from the values calculated inside the target by the analytical method (dots).

(III) Particle-In-Cell simulations were performed using the implicit hybrid code
LSP in 2 stages: (1) a laser-plasma interaction with a 2D Cartesian high resolution

simulation to model a 1 ps pulse duration with 8x10" Wcem™ peak intensity laser incident
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on a preformed plasma, and (2) a 2D RZ transport stage using the relativistic electron
beam from the first simulation as a hot electron source. The electron source from the laser
plasma simulation was increased in pulse duration by a factor of 10 to provide a surrogate
for the Omega EP laser due to difficulties associated with modeling a 10 ps laser
interaction. The transport simulation used a 2D axisymmetric geometry to more
accurately represent the 1/r* falloff containing a 2 mm diameter, 1 mm thick solid Au
target embedded in a vacuum box spanning 5 mm in radius and 1.5 cm in axial extent, as
illustrated in Figure 13.
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Figure 13: The electron and positron density in the LSP simulation at the time of peak electron beam
intensity. A majority (> 90%) of the electrons and positrons are confined or stopped inside the gold target
which extends from Z=-0.25-0.75 mm and R < 1 mm. Simulation boundaries extend far from the gold

surface to include the effect of the sheath electric field on the escaping particle jets.

The solid Au target was modeled as a fluid starting at an initial temperature of

0.1eV, using Lee-More-Desjarlais® conductivities to describe its collisional
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properties. The hot electron source was injected into the Au target 5 ym from the front
surface containing 550 J of electrons over a 22 ps temporal duration (for a 10 ps Gaussian
pulse) with a time-integrated electron spectrum well described as a power law
distribution with an exponent of -1.33 for electrons below 4 MeV and as 2 decaying
exponentials (4.5 and 11.7 MeV with 5:1 ratio) above 4 MeV out to 120 MeV. Hot
electron collisions were included through Atzeni-Schavi-Davies™ stopping powers for the
collisional heating of the gold, and photon generation was computed using the Integrated-
TIGER-Series (ITS)* code. All photons emitted with energy above 1 keV were
transported in the simulation and their interactions with the gold modeled using
ITS. Electron-positron pairs produced through the Bethe-Heitler mechanism were fed
back into the simulation and self-consistently evolved. Simulations used a 1 fs time step
and ran for 100 ps to capture the full refluxing dynamics and to model the modification of
the escaping electron-positron plasma by self-generated fields. All escaping particles
were recorded at a computational surrogate of the EPPS diagnostic, located 1 cm from

the initial Au target.
C. Positron yield: comparison between experiment and calculation

Comparing the results of the three computational methods with the experimental
data, a key finding is that the observed quadratic positron yield scaling with laser energy
is the combined result of (a) the higher laser intensity achieved with higher laser energy
when the focal spot and pulse duration are fixed, and (b) the additional electron-target
interaction from enhanced electron refluxing due to the improved electrostatic

confinement of the laser accelerated electrons.'
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Figure 14: Positron yield per kJ laser energy as a function of laser intensity from analytical calculations
including refluxing with Pukhov scaling of T, (solid circles) or ponderomotive scaling of T, (solid
diamonds); GEANT4 simulations with Pukhov scaling (open circles) or ponderomotive scaling (open
diamonds). The results from LSP simulations are shown either with refluxing (solid square) or without

refluxing (open square). The shaded area covers the experimental data range.

Figure 14 shows that the analytic model and GEANT4 simulations using Pukhov
scaling of T, fit the data much better than using Ponderomotive scaling. Furthermore, the
analytical calculation, which includes electron refluxing through the target, fits the data
better than the GEANT4 results without it. The importance of the refluxing process is
confirmed by the results of the self-consistent LSP particle-in-cell simulation shown as a
solid red square (with refluxing) and a hollow square (without refluxing) in Fig. 14.
Although this effect was previously identified in studies with thin targets,”* it has not

previously been realized for mm-thick targets at high intensities.
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The agreement between the data and the positron yield calculated with refluxing
confirms the important role of electron refluxing in the pair production, which results in
positron yields about 4 times higher than those without refluxing at the highest laser

energies and intensities reached in our experiments.
D. Positron acceleration

Acceleration away from the target in which the positrons are born, is a feature unique to
positrons produced by direct laser-plasma interaction. Previous work reported'’ that such
acceleration was caused by the well known target-normal electric field (sheath field)
produced at the back of the target from the escaping electrons. This electric field is also
responsible for the confinement/refluxing of hot electrons to the target, which enhances
the positron yield compared to a single pass of the hot electrons through the target. The
new experimental data presented here reinforces this conclusion.

The evidence that positrons are post-accelerated by the sheath field is clearly seen in Fig.
15: their energies at the peak of the distribution (red circles) are far higher than the “birth”
peak energies calculated using GEANT4 simulations (black diamonds). The escaping
positrons pick up 10 — 20 MeV in energy from the sheath-accelerating field. LSP
simulations include this field self-consistently and their results agree with the

measurement showing much increased positron peaks (green squares in Fig. 15).
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Figure 15: The energy corresponding to the peak of the positron distribution from measurements (red dots),
LSP simulation (green squares) and from calculation (black diamonds) as a function of laser energy. The

line is linear fit to the Geant4 data.

Figure 15 shows a linear dependence of positron peak energy vs laser energy E,. This
indicates a linear increase in sheath potential. The sheath electric field is established by
the net charge left behind on the target as the most energetic electrons escape. The
strength of this field is related to the total charge of these electrons and the capacitance of

the target” ase,, ., < Q,/C, ... » where Q,= eN,,. , N, is the total number of escaping

electrons, and C,,,, is determined by the target size. The data shown in Fig. 15
corresponds to a constant target size (capacitance), and N, increases linearly with
incident laser energy as shown in Fig. 7, thus the expected ¢,,,,, increases linearly with
laser energy. This linear relationship is further illustrated in Fig. 16, which shows the

measured positron peak energy as a function of N,,.. Independently, we have also verified

experimentally that the positron peak energy depends linearly on 1/C,,,,, by increasing
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the target diameter (C,, s proportional to the rear surface area of the target) while

keeping the laser energy fixed."”
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Figure 16: The measured energy of the peak in the positron distribution as a function of the total number of

measured electrons. The line is the fit to the data for positron energy greater than 14 MeV .

Furthermore, the peak positron energy is found to correlate with the maximum proton
energy measured on the same shot, as shown in Fig. 17. It is well established that the
maximum energy of the protons produced at the rear surface of the target (via target
normal sheath acceleration) is determined by the peak value of the sheath field." Figure
17 demonstrates a linear relationship, with unity slope, between the positron peak energy
and maximum proton energy, suggesting that the same physical mechanism -
acceleration by the sheath field on the rear target surface — leads to both the positron and

peak proton acceleration.
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Figure 17: The energy of the peak in the positron distribution as a function of maximum proton energy

measured from the same shots. The line has a slope of 1 and offset of 9 MeV.

E Positron angular divergence

The angular distribution of the positrons has been shown to be jet-like'’, which is further
confirmed by the new data presented here. The data show that the divergence follows
Liouville’s theorem, and is therefore predictable. Liouville’s theorem* implies that the
emittance of the positron beam remains constant, despite any post-birth field acceleration.
In other words, the transverse component of the positron momentum (m.v.) remains
constant, while the longitudinal momentum (m,,v,) increases due the sheath electric field
of the target. The emitted positron angular divergence is determined by the ratio of the
transverse and longitudinal momenta, and as shown in Fig. 15 the peak positron energy
and peak sheath electric field have a linear dependence on the incident laser energy.
Since under these conditions the mean birth energy of positrons is much less than the
energy gain from the sheath electric field, the divergence angle of the positron jet will

then be proportional to E, "%, as shown by the red curve in Fig. 18. It should be noted that
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at a laser energy of 10 kJ, where the positron yield is expected to reach astrophysical
relevance, the divergence angle of the positron jet is expected to decrease to about 5°—

near a pencil-like beam.
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Figure 18: Positron divergence angle as a function of laser energy (dots with error bars). The behavior

calculated from Liouville’s theorem is shown by the red line.

F. Positron production rate, flux and energy conversion efficiency from laser

The positron production rate can be estimated as the ratio of the total number of positrons
and the positron pulse duration. While the former is measured, the later is assumed to be
the laser pulse duration. Experimentally it is difficult to measure charged particle
phenomena in the picosecond regime, due to the lack of sufficiently fast charge-sensitive
detectors. However, the validity of the assumption is confirmed by the 2D LSP
simulations, as illustrated in Fig. 19. Given the laser pulse duration of 6.35 ps, the
positron pulse duration is calculated to be about 7.4 ps at FWHM, an increase of only

16%.
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Figure 19: Escaping positron rate and input laser pulse as a function of time calculated from LSP

simulation.

Table 2 summarizes the characteristics of the laser-produced positrons deduced

from experimental information reported here. The positron source size used to calculate

the peak flux is taken from reference."

Table 2: Parameters of laser produced positron beams

Positron number

1010_ 1012

Peak energy/positron acceleration

4 -30 MeV

Beam divergence

45 — 15 deg

Flux duration

~1-20 ps

Energy conversion from laser pulse

> 1x10™

Pair production rate

~10% /s

Peak flux

>10% cm?s’!

V. Comparison of current laboratory pair jet conditions to those needed for

astrophysically-relevant experiments

The requirements for studying astrophysically-relevant phenomena using laboratory

produced electron-positron jets have been previously discussed.' Here we give only a
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brief summary. To use colliding laboratory pair jets to study the development of the
Weibel instability and the magnetic field dynamics associated with relativistic

collisionless shocks, the duration of the pair jets needs to be greater than the typical time

(To =1 / [=y,* ﬁwpe ) for instability growth, where I' is the instability growth rate and

w,. the electron plasma frequency. This condition can be rewritten in terms of the
minimum number of pairs that need to be produced to study the Wiebel instability as N>
1.5x10" (R))2y,/T, [ps], where R, is the radius (in mm) and ¥y, the relativistic factor of the
electron-positron jets. This estimate sets a limit for a laboratory system to be useful to
study relativistic driven by the relativistic pairs of relevance to astrophysical
environments. Quantitatively, for a 10 ps long, ~mm-scale flow at ~ MeV energy, the
required pair yield is >10"". Likewise, for a 0.1 ps long, ~mm-scale flow, the pair yield
needs to be >10".

Table 3 lists the parameters presently achieved in pair jet experiments in the
context of values desired for astrophysically relevant experiments. While jets of sufficient
temperature and duration have been produced, present experiments have not yet produced
sufficiently dense beam of positrons to achieve a near-unity ratio between the densities of
electrons and positrons. The primary goal for future research is to increase the positron
density, thus establishing a viable experimental platform for using laser-produced pair

jets in astrophysical applications.
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Table 3: Parameters of laser produced electron-positron jets relative to those needed for

laboratory astrophysics experiments. The principal shortfall is highlighted in bold.

Parameter | Current Experimental Desired for Astrophysics
Range Relevant Experiments
0.5-4 MeV ~MeV
| 0.2-1 MeV ~ MeV
n ~1011-13 cm-3 >1014-16cm-3
n ~1012-15 Cm»3 >1014-16cm-3
T 5-20ps >10 ps

V1. Future research

To bring the currently available laser-produced pair jet conditions closer to those needed

for laboratory astrophysics experiments, the following approaches may be taken:

(A). Increase the pair numbers using more powerful lasers. It is easily deduced
from the energy scaling of the pairs and the parameters summarized in Table 3 that
astrophysically relevant pair jets could be produced using an order of magnitude larger
laser energy. Such a laser would produce about 100 times more positrons and 10 times
more electrons than current facilities, and these higher yields would be comparable to
those needed for laboratory astrophysics experiments. And in fact, a new generation of
intense high energy lasers, including NIF ARC,” Gekko LFEX* and LMJ PETAL,"” are
being constructed to deliver about 10 kJ at 1-10 ps pulse durations. These are expected to
be available for experiments in the next few years. Figure 20 illustrates how NIF-ARC,
for example, is expected to extend the available parameter space in density and duration.
Fig. 20 shows that for currently achievable electron positron yields (~10'%) such as those

from Omega EP lasers, it starts to be possible to study the linear phase of the instability
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and observe the conversion of the kinetic energy of the flows into magnetic energy. By
increasing the laser energy to 10-20 kJ, for which the yield is expected to be about 10", it

will be possible to study the saturation of the instability and the formation of a shock.'

102 ~C -
Linear *. Non-linear Shock

stage stage

| .Om:egé EP
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Figure 20. Pair plasma conditions required to study the different phases of formation of relativistic shocks
in counter-streaming flows. Points 1, 2, and 3 correspond respectively to the necessary conditions for
observing linear instability growth, saturated instability growth, and shock formation." The black lines
highlight the theoretical expectations for the saturation of the Weibel instability (dashed) and for shock

formation (black).

(B). Develop magnetic collimation of the relativistic pair jets to increase the
density in a larger volume. At present, although very high positron and electron densities
are achieved near the back of the target, in the absence of collimation the pair density
rapidly declines as the jet propagates away from the target. To maintain the high pair
density achieved over a longer propagation distance (larger volume), it is important to

pursue the development of magnetic fields to collimate and focus the pair jets. The
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effectiveness of magnetic collimation has been demonstrated in experiments at Omega
EP, in which a relativistic pair jet with ~15 MeV peak energy was collimated using
magnetic fields from an external, pulsed Helmholtz-type coil."® The collimation leads to a
“pencil-like” positron beam with an equivalent FWHM (full width at half maximum)
divergence angle of 4° vs the un-collimated beam with divergence of about 20°. A
fraction of the laser-produced relativistic electrons with energies close to those of the
positrons is also collimated, so that the ratio (n./n.) in the co-propagating electron-
positron jet is reduced from ~100 (no collimation) to ~2.5 with collimation. The positron
density in the collimated beam increased from 5x10’ cm” to 1.9x10°cm™. More
importantly, such density was maintained for a distance of 0.5 meters, creating a
sufficiently large plasma column for the study of pair-jet interactions. However, to
collimate higher energy pairs, one would need magnetic field strengths higher than 10s of

Tesla. Options for achieving this include laser produced magnetic fields.***’

(C). Develop relativistic pair plasma confinement. While unconfined dense pair
jets are expected to be very useful for laboratory astrophysics (to initiate instability
growth through jet-jet, or jet-plasma interactions), it is important to have the pair plasma
confined for studies of phenomena that take longer than 10s ps to develop, such as
magnetic reconnection. To capture and confine relativistic pair jets, the magnetic “mirror”
geometry, established over decades of magnetic confinement fusion research,” may be
used. Relative to conditions in magnetic fusion plasmas, as well as low
temperature/energy single component positron plasmas,” the key features of confined
relativistic pair plasmas are very short time scales (sub nano-second), relativistic energies

(> MeV) and densities up to 2 orders of magnitude greater than in conventional
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magnetically confined fusion plasmas. However, with the rapid development of transient
high magnetic field generators using lasers and pulsed-power devices, mirror-confined

relativistic pair plasmas may be realized in the laboratory in the near future.

In summary, this work reports new experimental results from three large laser
facilities that reveal the energy scaling of both electrons and positrons from intense lasers
interacting with mm-scale gold targets. The physics behind the scaling of laser-produced
positrons was discovered to involve the combination of higher energy electrons from
acceleration in underdense plasma, and the unexpected electron refluxing in mm-thick
targets. The latter process was revealed by experimental evidence for the acceleration of
positrons by the sheath electric field of the target, established by correlating positron data
with those for the electrons and protons. In addition, the scaling of the angular divergence
of positrons with laser energy is found to follow Liouville’s theorem. Finally, a set of
simultaneously achievable pair-plasma parameters was derived from the experimental
data, compared with those needed for laboratory astrophysics experiments, and used to

inform directions for future research.
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VII. Appendix — Notes on the measured electron spectra

The following three notes provide additional information and observations relevant to the
electron energy distribution measurements and data analysis in various experiments, not
limited to those described in this paper.

1). Electron energy distribution

Electron spectra often have detailed features that are difficult to describe with, for
example, an exponential energy distribution, or for that matter any other distribution
decreasing monotically with particle energy. For example, Fig. 21 shows four spectra,
three of which have “inverted distribution” features between about 2-10 MeV that cannot
be fitted with a conventional hot electron temperature. Because of this, and considering
that pair production is mostly driven by high-energy electrons, the spectra discussed in
this work were fit only from 5 MeV and above to deduce the effective electron

temperature.
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Figure: 21: Electron spectra from four shots at two facilities, with laser intensity of 10" — 10°° W/cm?2.
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2). Electron distribution as a function of preformed plasma

The electron energy distribution depends strongly on the laser interaction with the
preformed plasmas — a feature that has been extensively studied theoretically [Ref 31 and
references cited therein] and experimentally.” It is also seen in our measurements. Figure
22 shows the spectra taken at the Titan laser from three shots with a deliberately added
prepulse. The intrinsic prepulse level is about 50 mJ contained in a 1-3 ns laser pedestal.
The bottom two electron spectra represent the shot-to-shot uncertainty due to the un-
controllable prepulse: the additional 10-40 mJ prepulse on top of the intrinsic prepulse is
not significant enough to cause any effect in the electron temperature. However, the
deliberate injection of another 840 mJ of prepulse significantly increases the resulting

electron temperature (~16 MeV).

An alternative way to describe the prepulse effect on the hot tail of the electron
distribution is shown, using a separate set of data, in Fig. 23, where the number of
electrons was binned on a very coarse energy grid. An increase in the prepulse energy
corresponds to a decrease of electrons in the low energy bin and a corresponding increase
in the high-energy bin. Larger prepulse injection effectively results in a larger fraction of

outgoing electrons at higher energy.
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Figure: 22. Electron spectra with pre-pulse injection energy of 10 (blue bars), 40 (green dots) and 840 mJ

(red crosses), with corresponding hot electron temperatures of 8, 5 and 16 MeV, respectively.
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Figure: 23: Fraction of outgoing electron energy for shots with different prepulse injection energy (10 to

4000 mJ) measured in various energy bins.
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3). Electron distribution as a function of target size

The data obtained in the experiments described in this paper indicate that the hot
electron temperature depends at most weakly on the target size and thickness. Figure 24a
shows the measured electron distributions taken from Titan experiments at about 5x10"
W/cm® where the targets were square, 12 wm thick silver foils of various sizes. The data
show that the electron temperatures derived from electrons with energies greater than 5
MeV are insensitive to the target size (i.e. at the high electron energies the slopes are
similar). Similar conclusions are found in the spectra taken from 1 mm thick gold targets
of various sizes as shown in Fig. 24b. On the other hand, the number of hot electrons
escaping the target increases with increasing target size, because the sheath potential

decreases as the capacitance of the target increases™ (see Sec. IV-D).
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